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The molecular recognition and self-assembly between host
cucurbit[6]uril and guest adrenaline led to kinetic trapping and
crystallization of the intermediate exclusion complex, which was
characterized by X-ray diffraction. The crystalline kinetic complex
undergoes slow spontaneous dissolution and subsequently recrys-
tallizes as a thermodynamic inclusion complex.

In supramolecular host-guest systems it is generally assumed that
the self-assembly process proceeds under thermodynamic control,
quickly leading from the kinetic intermediates to the single thermo-
dynamic product.' The kinetic control in self-assembly of host-
guest systems is quite a rarity,” although it is omnipresent in the
biological world.®> The slow kinetics of host-guest complexation
may enable detection and studies of individual supramolecular
transformation steps and provide valuable insight into the mecha-
nism of molecular recognition and self-assembly phenomena. The
kinetic control and trapping of intermediate products have also been
observed in the self-assembly of some metallo-supramolecular,’
hydrogen-bonded’ and helicate systems.® The isolation and identifi-
cation of different meta-stable organic species within inclusion
compounds have been extensively studied by Toda et al” Herein,
we report unexpected crystallization of the kinetically controlled
association complex between macrocyclic host cucurbit[6]uril (CB6)
and guest adrenaline (Fig. 1). This kinetically controlled association
complex undergoes slow spontaneous dissolution and subsequently
recrystallizes as a thermodynamic inclusion complex. While most
assembling of host-guest complexes occur too fast to be monitored
without stopped flow kinetics, here the really slow complexation on
the human time scale allows revelation of the structural nuances of
the host-guest intermediate that preludes the inclusion. The present
work provides unique crystallographic insight into host-guest systems
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Fig. 1 Chemical structure of cucurbit[6]uril (CB6) and adrenaline.

obtained from the same building blocks (CB6 and adrenaline) on
different time scales or different conditions of an assembly process.

In the course of our investigation of the potential of cucurbiturils
to act as co-crystal formers towards active pharmaceutical ingredi-
ents, we discovered that it is possible to ‘catch’ the host-guest
association intermediate between CB6 and protonated adrenaline
in the crystalline state. The slow kinetics of the inclusion of the
adrenaline methyl group into the host hydrophobic cavity and
crystallization of the kinetic intermediate allow direct insight into
the complexation mechanism. Surprisingly, the crystallization of the
intermediate does not act as a ‘dead-end’ in the host-guest assembly
process. The needle-like crystals of the supramolecular intermediate
left in the mother solution slowly dissolve and recrystallize to form
prismatic crystals of the thermodynamically stable product (Fig. 2).
The low solubility of both intermediate associate 1 and final
inclusion complex 2 enables their rapid isolation from solution
(crystallization). The different crystal morphologies of kinetic and
thermodynamic products allow direct observation of the system
evolution in time - the visual observation of the rapid crystallization
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Fig. 2 Photographs of the crystals of CB6 complexes with adrenaline showing
the system evolution in time from starting the crystallization experiment:
(@) 1 hour — needles of complex 1; (b) 2 days — both needles of 1 and prisms
of 2; (c) 1 week — only prisms of 2.
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Fig. 3 Schematic view and crystal structure of the kinetically controlled associa-
tion intermediate complex 1 between CB6 and protonated adrenaline (three
water molecules inside the cavity are shown as blue balls).

of the kinetic intermediate, then appearance of the second crystalline
phase, and finally full conversion into a thermodynamic product.

The self-assembly of CB6 with adrenaline in aqueous solution
leads to the isolation and characterization of several distinct pro-
ducts with different stoichiometries, depending on the time scale
and crystallization conditions. The needle-like crystals immediately
start growing at the liquid-liquid interface upon careful layering of
aqueous hydrochloric solution of adrenaline on the aqueous
solution of CB6. The magnesium chloride salt was used to improve
CB6 solubility in water, as the presence of metal cations or protons is
required to enhance CB6 aqueous solubility. Single-crystal X-ray
diffraction revealed these first formed crystals to be the 1:1
association complex [(C3gHzeN24015) (H20)3:(CoHy4NO;)]-Cl-11H,0
(1) between the host and the cationic guest. The crystal structure
of 1 shows that protonated adrenaline interacts with CB6 through
one portal only without entry of its methyl group into the host cavity
which is occupied by three water molecules (Fig. 3).+ The protonated
amino group of adrenaline is in close proximity to two carbonyl
oxygen atoms of the host portal (N-H:--O, 2.687 and 3.068 A)
suitable for ion-dipole and hydrogen bonding interactions. Addi-
tionally, the hydrogen bond is donated to one of the water molecules
inside the cavity (N-H- - -0, 2.910 A). The methyl group of the guest
perches above the portal and is unfavorably exposed to portal
carbonyl oxygen atoms and water molecules in the crystal lattice.
Evidently, the ion-dipole and hydrogen bonding anchoring of the
protonated amino group provides enough stabilization to overcome
the penalty of one methyl group exposure to the aqueous phase. This
stabilization is sufficient to enable the crystallization of the inter-
mediate. Surprisingly, in the solid state another portal of CB6
interacts neither with protonated adrenaline nor magnesium ions
present in the mother solution, but is closed with the adjacent CB6
by means of weak CH---O interactions between methine and
methylene groups of one CB6 skeleton and carbonyl oxygen atoms
from the free portal of its neighbor (Fig. S1, ESI}).

While ion-dipole anchoring of the guest ammonium group at the
CB6 portal is sufficient to drive the rapid formation and trapping of
the intermediate exclusion complex, the hydrophobic effect slowly
pulls the intermediate state into a stable inclusion complex. The
crystals of the kinetically trapped 1 : 1 exclusion complex did
not persist in solution and were slowly transformed upon
dissolving and again crystallization into stable inclusion complex
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Fig. 4 Schematic view and crystal structure of the thermodynamic inclusion
complex 2 between CB6 and protonated adrenaline.

[(C36H36N24012) (CoH14NO3),]- 2C1-15H,0  (2) of 1:2 host-guest
stoichiometry.§ The main driving force for the inclusion of the
organic residue is the hydrophobic effect due to removal of three
high-energy water molecules from the CB6 cavity.® In the thermo-
dynamically stable inclusion complex 2 both CB6 portals complex
adrenaline in a similar manner, namely protonated amino groups
interact with CB6 carbonyl oxygen atoms (N-H.- - -O, 2.867 and 2.869 A
for one adrenaline molecule, 2.836 and 2.695 A for another) and two
methyl groups are included into the host cavity instead of three water
molecules (Fig. 4). The appearance of the prismatic crystals of com-
plex 2 among needles of 1 can be noticed from several hours to several
days after starting the crystallization experiment, depending on the
crystallization conditions such as the rate of mixing the solutions and
the type of crystallization vial or mechanical stress (shaking or stirring
accelerates transformation). The full transformation of crystalline
complex 1 into crystalline complex 2 takes from several days to several
weeks, also depending on the crystallization conditions. It should be
remembered that crystallization itself is a highly specific and complex
event during which kinetics competes with thermodynamics.’ So, the
time needed for transformation from kinetic complex 1 into thermo-
dynamic complex 2 includes not only time for ingression of the
organic residue into the host cavity but also dissolution and recrys-
tallization steps that can be time-consuming. We tried to monitor the
composition of the mother solution during the transformation by
'H NMR spectroscopy. The main signals observed in the spectra,
taken at different times, come from uncomplexed adrenaline and CB6
(ESIf). However, some additional signals of very low intensity appear
upfield that may indicate the formation of inclusion complexes of
different stoichiometries. Obviously, the transformation 1-2 occurs at
very low concentrations almost non-detectable at the NMR scale by
partial slow dissolving of the form 1 followed by recrystallization of
form 2. Presumably, between dissolution of the exclusion complex
and crystallization of the inclusion complex the elusive “flip-flop’ entry
of methyl groups into the macrocyclic cavity takes place.

When adrenaline is added to magnesium chloride CB6
solution in non-protonated form the direct crystallization of
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Fig. 5 Schematic view and crystal structure of the inclusion complex 4 between
CB6 and dimerized adrenaline.

the 1 : 2 inclusion complex is observed; however, the resulting
complex [(C36Hz6N24012):(CoH13NO3),]-18H,0 (3)9 of CB6 with
neutral adrenaline crystallizes in a different space group and
is characterized by a different supramolecular framework than
complex 2 (ESIT). In order to explore the influence of the supra-
molecular reaction medium on the host-guest assembly process, an
attempt to get the CB6-adrenaline complex in the absence of metal
ions has been made. When using 5 M hydrochloric acid instead of
magnesium chloride solution for dissolving CB6 and adrenaline, the
inclusion complex [(Cs6H36N24015)-(C18H26N,05),]-6C1-2H;0-20H,0
(4)|| of CB6 with ‘dimerized’ adrenaline crystallized after standing for
several days at room temperature. Obviously, in strongly acidic
conditions, the condensation reaction via an electrophilic substitu-
tion mechanism between two adrenaline molecules takes place™
and the product of this reaction, ‘dimerized’ adrenaline, is com-
plexed by CB6 present in the solution (Fig. 5).

In summary, the supramolecular reaction between host cucurbit-
[6]uril and guest adrenaline in aqueous medium proceeds through
different pathways and leads to diverse assembled solid-state
structures, depending on the conditions of the self-assembly pro-
cess. The kinetic control was observed in the case of CB6 assembly
with protonated adrenaline in magnesium chloride aqueous
solution due to strong cation-dipole interaction between the host
and the cationic guest. This kinetically regulated pathway involves
the sequential crystallization of the trapped intermediate exclusion
complex and the final thermodynamic inclusion complex. The
isolation and structural characterization of both complexes enabled
us to reproduce each step of the inclusion process, thus, to
ultimately confirm the predicted two-step complexation model for
cucurbit[6]uril host-quest systems with organic cations."" In the
absence of strong non-covalent interactions between the host and
the guest, the self-assembly of CB6 with neutral adrenaline proceeds
under thermodynamic control, leading directly to inclusion complex
formation. In strongly acidic conditions necessary for CB6 solubili-
zation in the absence of metal ions, the obtained crystalline
compound was found to be the inclusion complex of CB6 with
dimerized adrenaline - the condensation product of two adrenaline
molecules. We expect that the high degree of host-guest structural
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diversity achieved through simple manipulation of building blocks
and/or self-assembly pathways will inspire new applications of
supramolecular chemistry in non-equilibrium systems," resem-
bling those of the biological world.

The project was funded by the National Science Centre
(SONATA grant DEC-2011/03/D/ST5/05486).

Notes and references

¥ Crystal data for 1: C45H,50,0CIN,5, M, = 1468.8, colourless, 0.65 x
0.10 x 0.10, orthorhombic, space group P2,2,2,, a = 12.6226(2), b =
15.7655(3), ¢ = 31.0112(6) A, V=6171.2 (2) A>, Z=4, peqe = 1.581 g cm 2,
#(MoKa) = 0.173 mm ™, Opay = 28.3°, 40586 reflections measured,
14683 unique, 983 parameters, 22 restraints, R = 0.081, wR = 0.175
(R = 0.116, wR = 0.192 for all data), GooF = 1.03. Flack parameter =
—0.05(14). CCDC 889594.

§ Crystal data for 2: C5,Ho4033Cl,Ny6, M, = 1706.3, colourless, 0.40 x
0.30 x 0.20, orthorhombic, space group P2,2,2,, a = 12.8019(2), b =
20.4511(4), ¢ = 27.5592(5) A, V=7215.3(2) A%, Z= 4, pcaic = 1.556 g cm >,
#(MoKa) = 0.200 mm ™, 0oy = 27.9°, 81552 reflections measured, 17 147
unique, 1107 parameters, R = 0.078, wR = 0.193 (R = 0.084, wR = 0.198 for
all data), GooF = 1.11. Flack parameter = 0.10(10). CCDC 889593.

9 Crystal data for 3: C5,HogO36N56, M; = 1687.6, yellow, 0.60 x 0.20 X
0.15, monoclinic, space group P2, a = 12.4610(2), b = 15.7685(2), ¢ =
19.4788(3) A, f=102.946(2)°, V=3730.1(1) A>, Z=2, pcqe = 1.463 g cm ™,
1u(CuKo) =1.082 mm ™", Opax = 71.5°, 26 685 reflections measured, 14 194
unique, 1396 parameters, R = 0.077, WR = 0.223 (R = 0.086, WR = 0.236 for
all data), GooF = 1.05. Flack parameter = —0.1(2). CCDC 908048.

| Crystal data for 4: C;,H;34044ClNyg, M, = 2308.9, colourless, 0.40 X
0.35 x 0.20, triclinic, space group P1, a = 12.7909(2), b = 14.3424(2), ¢ =
15.1838(3) A, o0 = 79.138(1)°, ff = 72.676(1)°, y = 73.236(1)°, V = 2530.04(1) A%,
Z=1, peae = 1.526 g cm >, u(MoKo) = 0.275 mm ™, Oy = 27.9°, 36319
reflections measured, 11 915 unique, 787 parameters, R = 0.071, wR = 0.184
(R = 0.085, wR = 0.195 for all data), GooF = 0.96. CCDC 908049.
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